Properly constructed stereoscopic images are aligned vertically on the display screen, so on-screen binocular disparities are strictly horizontal. If the viewer's inter-ocular axis is also horizontal, he/she makes horizontal vergence eye movements to fuse the stereoscopic image. However, if the viewer's head is rolled to the side, the onscreen disparities now have horizontal and vertical components at the eyes. Thus, the viewer must make horizontal and vertical vergence movements to binocularly fuse the two images. Vertical vergence movements occur naturally, but they are usually quite small. Much larger movements are required when viewing stereoscopic images with the head rotated to the side. We asked whether the vertical vergence eye movements required to fuse stereoscopic images when the head is rolled cause visual discomfort. We also asked whether the ability to see stereoscopic depth is compromised with head roll. To answer these questions, we conducted behavioral experiments in which we simulated head roll by rotating the stereo display clockwise or counter-clockwise while the viewer's head remained upright relative to gravity. While viewing the stimulus, subjects performed a psychophysical task. Visual discomfort increased significantly with the amount of stimulus roll and with the magnitude of on-screen horizontal disparity. The ability to perceive stereoscopic depth also declined with increasing roll and on-screen disparity. The magnitude of both effects was proportional to the magnitude of the induced vertical disparity. We conclude that head roll is a significant cause of viewer discomfort and that it also adversely affects the perception of depth from stereoscopic displays.
INTRODUCTION
Stereoscopic presentation has become much more commonplace in video games, cinema, television, medical imaging, scientific visualization, and more. With the increasing popularity, concerns have arisen about the viewer's experience. For example, viewers often report discomfort: headaches, tired eyes, blurry vision, and even nausea [1, 2] . Because of this, many users choose non-stereo 2D content over stereo 3D content (S3D) [3] . Surely, the public's acceptance of S3D will depend on providing a reasonably comfortable experience.
The causes of discomfort associated with S3D viewing are not well understood. Without such an understanding, it is difficult to know how to reduce or eliminate the problems. There is good evidence that discomfort can arise from image mismatches (e.g., one eye's image larger than the other's) [4] and the vergence-accommodation conflict [5] [6] [7] . Other candidates are visual-vestibular conflicts [8] , cross talk [4, 9] , window violations [10] and flicker and motion artifacts [11] [12] [13] . Here we focus on one potential cause: the vertical vergence eye movements that are required to fuse an S3D image when the head is rolled to the side.
In properly constructed S3D media, the left-and right-eye images are aligned vertically on the display screen, so all differences in the on-screen images (i.e., disparities) are horizontal. Each eye's image has a center of projection on a line that originates in the middle of the image and is perpendicular to the surface of the display screen [14] . The centers of projection are separated horizontally by the distance between the viewer's eyes. If the viewer's eyes are placed at the respective centers of projection, the retinal images (including the horizontal and vertical disparities at the retinas) will be identical to those that would be created by looking at the original 3D scene in the world. When the eyes are not at the centers of projection, the disparities are no longer the same as those that would be generated by the original scene, so distortions in depth are perceived [14, 15] . When the viewer's head is rolled such that one eye is closer to the ground than the other, the two eyes can no longer be positioned at the centers of projection. As a consequence, the strictly horizontal on-screen disparities become partly vertical at the viewer's eyes. To fuse the stimulus, the viewer now needs to make both horizontal and vertical vergence eye movements. Horizontal vergence movements are rotations of the eyes about head-centric vertical axes (i.e., one eye leftward and the other rightward) and vertical vergence movements are rotations about head-centric horizontal axes (one eye upward and the other downward). The dynamics of horizontal and vertical vergence eye movements are quite different. The eyes can make much faster and larger horizontal than vertical vergence movements [16] [17] [18] .
We next examine the effects of head roll on the disparities at the eyes. Consider a stereoscopic image with an onscreen horizontal disparity H d that varies sinusoidally over time with a mean of zero:
where is the peak-to-trough disparity amplitude and the units are distance such as centimeters. The on-screen vertical disparity is always zero, so . The horizontal disparity does not vary with position in the stimulus, so the temporal change in disparity specifies a frontoparallel plane approaching and receding from the viewer. Now consider rolling the head by the angle φ while viewing the same stereoscopic image. The viewer's inter-ocular axis is no longer horizontal in screen coordinates, so the orientation of the disparities at the eyes changes with φ. In particular, the horizontal on-screen disparities now produce horizontal and vertical disparities relative to the head. Ignoring the small torsional eye movements made when the head rolls relative to gravitational upright [19] , the disparities relative to head are:
If we know the mean onscreen disparities of the display then we can compute the horizontal and vertical vergence required to perfectly fuse the stimulus with Equations 3 and 4, respectively.
where I is inter-ocular distance and Z is the distance from the viewer's eyes to the screen. Figure 1 shows the amplitudes of the horizontal and vertical vergence movements required to track and fuse a stimulus with an oscillating horizontal on-screen disparity when the head is rolled by different angles. As you can see, the required vertical vergence is strongly dependent on the angle of head roll and the magnitude of the disparity variation. 
EXPERIMENT 1
In the first experiment, we investigated how head roll and the amplitude of disparity oscillations over time affects visual discomfort and the ability to perceive a stereoscopic stimulus.
Methods

Subjects
Twenty UC Berkeley students participated. All had normal or corrected-to-normal visual acuity and binocular vision as assessed by standard clinical tests. The human-subjects protocols of UC Berkeley were followed.
Apparatus
Stimuli were presented on a mirror stereoscope with two CRTs (Iiyama MH204DT), one for each eye. CRT resolution was 1600x1200 pixels and the refresh rate was 100Hz. The subject's head was stabilized with a chin and headrest. At the 116.5cm viewing distance, each pixel subtended 0.75 arcmin.
The stimulus was a dynamic random-dot stereogram of a frontoparallel plane with a sinusoidal depth corrugation of 0.5cpd in the middle. The peak-to-trough amplitude of the corrugation was 4arcmin. The stimulus was generated in MATLAB with the Psychtoolbox [20, 21] . Anti-aliasing was enabled. The dots were randomly repositioned every 5ms to create a dynamic stereogram. The sinusoidal depth corrugation was +/-22.5° from earth horizontal. The frontoparallel plane in which the corrugation was embedded oscillated in disparity at 0.125Hz (i.e., a period of 8sec).
The peak-to-trough amplitude of oscillation was 1.4, 2, or 3.8°. There was also a condition in which the disparity oscillation was 0° with a simulated roll of 30° only. The corrugation was not visible in the monocular images, so subjects had to fuse the stimulus binocularly in order to see the corrugation waveform.
To simulate head roll, we rotated the entire stereoscopic image about an axis perpendicular to the display screen. Apart from the small torsional eye movements that occur with real head roll, the simulated roll produces the same disparities at the eyes that real head roll produces. Thus, the 0.125Hz oscillation and the sinusoidal corrugations presented the same disparities at the eyes as would occur with real head roll.
3 Procedure
The corrugation was usually earth horizontal, but every 0.75 to 2sec the orientation changed for 0.5sec to -22.5 or +22.5° relative to earth horizontal. The subject's task was to indicate with a button press the orientation of the corrugation when the change occurred. No feedback concerning the correctness of the response was provided. This task allowed us to determine how the ability to perceive the corrugation waveform varied with respect to on-screen disparity.
Subjects completed three experimental sessions of two hours each. Each session had 36 stimulus blocks. In each block, the subject viewed one unrolled and one rolled stimulus: φ = 0° for the unrolled stimuli and 10, 20, or 30° for the rolled stimuli. The two types of stimuli were otherwise identical. For example, the peak-to-trough on-screen disparity oscillations were 1.4, 2, or 3.8° in both cases. Thus there were nine stimulus conditions in all. During each session, the subject was presented each stimulus condition twice.
During each block, a pair of unrolled and rolled stimuli were presented with order randomized in the pair. Each block consisted of six parts: (1) The subject viewed the rolled or unrolled stimulus for a minute; (2) they answered a symptom questionnaire (Figure 2A ) about the stimulus they were just presented; (3) the subject viewed the other stimulus in the pair for a minute; (4) they answered the symptom questionnaire about that stimulus; (5) the subject answered a comparison questionnaire ( Figure 2B ) that asked them to compare the discomfort associated with the first and second stimulus in the pair; (6) they took a one-minute break. After the break, the cycle started again for a different condition.
The questionnaires contained seven questions presented one by one in random order. Subjects answered each question on a 1-9 scale using the number pad on the keyboard. The questions in the symptom questionnaire concerned how the subject felt during the stimulus presentation relative to how they normally feel, with 5 being the same as normal, less than 5 being better than normal, and greater than 5 being worse than normal. We used the Symptom Questionnaire to assess the amount of discomfort relative to normal. The questions were similar in the Comparison Questionnaire except that they concerned how the subject felt after viewing the second stimulus compared to how they felt after viewing the first; 5 meant the same, less than 5 meant they felt better during the presentation of the first stimulus than during presentation of the second, and so forth. We used the Comparison Questionnaire to assess the effect of head roll per se by asking subjects to compare symptoms with and without head roll while everything else (task, chinrest, etc.) remained the same.
A) Symptom Questionnaire
Q(1) 'How uncomfortable were your eyes compared to normal' Q(2) 'How blurry was your vision relative to normal?' Q(3) 'Where you more or less nauseous than normal?' Q(4) 'Did your eyes water more or less than normal?' Q(5) 'Did your head hurt more or less than normal?' Q(6) 'Did your back hurt more or less than normal?' Q(7) 'Were your eyes more or less dry than normal?'
B) Comparison Questionnaire
Q(1) 'Which session was more uncomfortable for the eyes?' Q(2) 'Which session caused more blurry vision?' Q(3) 'Which session was more nauseating?' Q(4) 'Which session caused your eyes to water more?' Q(5) 'Which session caused your head to hurt more?' Q(6) 'Which session caused your back to hurt more?' Q(7) 'Which session caused your eyes to become more dry?' Figure 3 shows the main results of Experiment 1. The first row shows the results from the Comparison Questionnaire and the second row those from the Symptom Questionnaire. The first column shows the discomfort score averaged across subjects as a function of head roll. The second column shows the average score as a function of the induced vertical disparity. The third column shows average score as a function of percent correct in the psychophysical task. Thus, the ordinate is the same in all six panels. Different shapes and shades of the data symbols in each panel represent different oscillation amplitudes. In the first row, scores greater than 5 indicate that the discomfort was greater with the rolled stimulus than with the unrolled stimulus. In the second row, scores greater than 5 mean that the discomfort was greater than normal. Responses in the Comparison Questionnaire show that subjects never reported more discomfort with the unrolled stimulus than with the rolled stimulus. Responses in the Symptom Questionnaire were always greater than 5 indicating that subjects always experienced more discomfort than normal even when the on-screen disparity oscillation was 0. We attribute this to a build-up of discomfort across sessions (which we investigated further in Experiment 2). In contrast, the results with the Comparison Questionnaire reveal scores of ~5 at low oscillation amplitudes and small roll angles. This suggests that responses in the Comparison Questionnaire were less affected by previous stimuli than were responses in the Symptom Questionnaire.
Results
The results clearly demonstrate that discomfort increases with the amplitude of oscillation in on-screen disparity and with the angle of simulated head roll. Using Equation 2, we can plot the data as a function of the amplitude of the vertical disparity oscillations induced by simulated head roll. The second column of Figure 3 shows the discomfort as a function of induced vertical disparity and shows quite clearly that the severity of symptoms, whether assessed by the Comparison Questionnaire (upper row) or Symptom Questionnaire (lower row), is mostly dependent on vertical disparity. The Pearson's correlation between the vertical disparity amplitudes and the discomfort scores on the comparison questionnaire (Figure 3ii ) was 0.95 (p < 0.0001). 
EXPERIMENT 2
We were concerned that some of the findings in Experiment 1 were affected by symptoms in one session carrying over to another session on the same day. Thus, we re-examined how simulated head roll affects visual discomfort in an experiment in which different conditions were presented on different days.
Methods
Ten students at UC Berkeley participated. All had normal or corrected-to-normal vision as assessed by standard clinical tests. The apparatus, stimuli, and procedure were the same with a few exceptions. First, there was only one amplitude of oscillation of the on-screen disparity: 2°. Second, the simulated head rolls were 0, 12, 24, 36, 48, and 60°. Third, the different head rolls were presented in six one-hour sessions, each condition on a different day. Each session consisted of 12 blocks and each block consisted of a 4-min stimulus presentation followed by the Symptom Questionnaire. The results are shown in Figure 5 . The left panel plots the average discomfort score as a function of simulated head roll on the left ordinate, and percent correct performance as a function of head roll in the right ordinate. Clearly, discomfort increased significantly with increasing simulated head roll. At the same time, performance fell dramatically with increasing roll. The middle panel plots the discomfort scores (averaged across subjects) as a function of time from the beginning of the session. Different sets of data represent different amounts of head roll. The right panel shows the same data averaged across head rolls. These data show quite clearly that discomfort grew monotonically over time and that discomfort built up more over the first half of the session than over the second half.
Results
DISCUSSION
The current study quantified the level of discomfort caused by watching S3D displays when the head is rolled relative to the display. S3D content is designed with the assumption that the head and display are aligned vertically. But many people have advocated the use circular-polarizing glasses rather than linear-polarizing one because the formers allows "freedom of head movement before the image becomes a double image" and provides the advantage that "you can look at a [stereo 3D] feature film and rest your head on your sweetheart's shoulder. And still see a 3-D picture" [22] . This statement is true because head roll causes imperfect separation of the two eyes' images while circular polarizers maintain separation. But these statements ignore the potential for greater discomfort due to the increased vertical vergence requirements and the possibility of double images. Ironically, it may be easier to avoid discomfort from head roll by using linear rather than circular polarizers.
Our data demonstrate a clear linear relationship between the vertical disparity induced by head roll and on-screen horizontal disparity and the amount of discomfort. The fact that the magnitude of vertical disparity predicts discomfort indicates that vertical vergence requirement is the primary cause of symptoms when head roll is present.
